Introduction will use the term neuroblast.
Sympathetic neuroblasts and postmitotic sympaHepatocyte growth factor (HGF) is a pleiotropic factor thetic neurons initially survive in culture in the absence that exerts a variety of effects on many cell types during of added neurotrophic factors. With embryonic age, an development and throughout life. Gene targeting experiincreasing proportion of sympathetic neurons become ments in mice have shown that HGF and its receptor, the dependent on NGF for survival. The first neurons start Met tyrosine kinase, are required for the development of responding to NGF at E14 and almost all are dependent the placenta, liver, and skeletal muscle of the limbs and on NGF by E18 (Wyatt and Davies, 1995) . Between E16 trunk (Bladt et al., 1995; Schmidt et al., 1995; Uehara et and E18, the survival of a small percentage of sympaal., 1995; Maina et al., 1996) . HGF promotes the survival thetic neurons additionally becomes dependent on a and proliferation of a number of cell types and stimulates supply of NT-3 in vivo (Wyatt et al., 1997) , and the proporcell migration and the dissociation of epithelial sheets tion of NT-3-dependent neurons increases in the post- (Gherardi and Stoker, 1991; Brinkmann et al., 1995) . Met natal period, during which most neurons become depenexpression has also been observed in various structures dent on both NT-3 and NGF for survival (Levi-Montalcini, of the embryonic and postnatal nervous system, includ-1987; Crowley et al., 1994; Ernfors et al., 1994 ; Smeyne ing migrating neural crest cells, spinal cord motoneuet al., 1994; Zhou and Rush, 1995; Fagan et al., 1996 ; rons, and dorsal root ganglion (DRG) neurons (SonnenDavies, 1997; Wyatt et al., 1997) . The onset of NGF berg et al., 1993; Jung et al., 1994; Andermarcher et al., responsiveness is correlated with a marked increase in 1996; . HGF is a chemoattractant and the expression of the NGF receptor tyrosine kinase, survival factor for spinal motor neurons in vitro (Ebens TrkA, which also mediates the response of the neurons to NT-3 (Davies et al., 1995; Wyatt et al., 1997) . Here, we show that HGF enhances the survival and differentia- ‡ These authors contributed equally to this work. § To whom correspondence should be addressed.
tion of sympathetic neuroblasts in vitro and that Met P-end-labeled PCR primers specific for either Met, HGF, or GAPDH. All three cDNAs were amplified in separate PCR reactions from the same set of reverse transcription reactions. Quantitative, competitive RT-PCR for GAPDH mRNA shows that each RNA sample contains almost equal amounts of mRNA for this housekeeping protein. The lower GAPDH RT-PCR product (128 bp) is derived from GAPDH mRNA, whereas the upper RT-PCR product (132 bp) is derived from a GAPDH competitor cRNA added in equal amounts to each reverse transcription reaction. The ratio between both RT-PCR products can be used to calculate the level of GAPDH mRNA in each total RNA sample. Lane C shows the RT-PCR products, with each set of PCR primers, of a control where the reverse transcription reaction contained total RNA from SCGs of each age but no reverse transcriptase. This control demonstrates that the total RNA samples contained no genomic DNA. (B-E) Immunofluorescence of SCG explants ([B] through [D] ) and dissociated sympathetic neurons from SCG (E) from E14.5 met WT/WT mutant embryos cultured in the presence of NGF plus HGF and stained with an affinity-purified polyclonal antibody against human Met protein. Because these mutant mice carry the human cDNA in the met locus, the resulting chimeric Met protein can be specifically recognized by the anti-human Met antibodies against the unique carboxy-terminal peptide. Note the expression of Met receptors in the neurites, the growth cone and the cell body of the neurons ([D] and [E] ). The Met signal is completely blocked with the immunizing peptide antigen (B). The ganglion shown in (B) is visualized by staining with DAPI (C). Magnification, 320ϫ in (B) through (E).
signaling is required for sympathetic neuroblast survival and cell bodies of dissociated sympathetic neurons (Figure 1E ) that were grown with NGF and HGF. The positive in vivo. HGF also cooperates with NGF in enhancing sympathetic neuron axonal growth. These results indistaining obtained with the anti-human Met antibodies was competable with the corresponding peptide used cate that HGF plays several distinct roles in sympathetic neuron development at different embryonic stages.
as antigen (Figures 1B and 1C) , as previously described on DRG explants . These observations raised the possibility that HGF Results plays a role in the development of sympathetic neuroblasts and neurons. We therefore carried out a series Sympathetic Ganglia Express HGF and Met of experiments to investigate the role of HGF on the A semiquantitative RT/PCR was used to screen a variety proliferation and differentiation of neuroblasts and on of embryonic mouse tissues using oligonucleotide primthe survival and growth of sympathetic neurons at differers specific for Met and HGF mRNA. Specific amplificaent stages of development in vitro. Because HGF mRNA tion products were present in the superior sympathetic is expressed in developing sympathetic ganglia, we ganglia (SCG). These mRNAs were detected as early used function-blocking anti-HGF antiserum to inactivate as E12.5, when the SCG consist mainly of proliferating HGF produced in some cultures and compared sympaneuroblasts, and were expressed throughout embryonic thetic neuron development in these cultures with culdevelopment ( Figure 1A ). To determine if the Met receptures supplemented with HGF. tor is expressed by developing sympathetic neurons, we immunostained with antibodies against human Met HGF/Met Signaling Accelerates the Differentiation SCG explants and dissociated sympathetic neurons deof Sympathetic Neurons rived from met WT/WT mutants, which carry the human Sympathetic neuroblasts are proliferating neuron-like cDNA in the met locus (Maina et al., 1996) . Met expression was observed in neurites emerging from SCG excells that make up the majority of cells in early sympathetic ganglia (Rothman et al., 1978 (Rothman et al., , 1980 ; Rohrer and plants ( Figure 1D ) and in the neurites, growth cones, Figure 2 . HGF Accelerates the Differentiation of Sympathetic Neurons (A) Phase contrast micrograph shows two representative postmitotic sympathetic neurons with spherical cell bodies and long neurites (top and bottom) and a dividing sympathetic neuroblast with dark-stained cell bodies and short processes (arrow). SCG dissected neurons from E14.5 embryos were cultured for 20 hr in the presence of NGF. Magnification, 400ϫ. (B) Percentage of E13.5 SCG sympathetic neuroblasts that differentiate at intervals in culture. SCG from E13.5 embryos were trypsinized, dissociated, and cultured without additives (control) with 1.25 mg/ml of anti-HGF or with 10 ng/ml of HGF. Anti-HGF causes a significant decrease in the number of neuroblasts that differentiated into neurons compared with control cultures or in the presence of HGF. There was no significant increase in neuroblast differentiation in the presence of HGF compared to control culture. Thoenen, 1987) . They have distinctive morphologies in and E14.5 SCG 6 hr after plating, and the proportion of these neuroblasts that differentiated into neurons was culture with respect to postmitotic sympathetic neurons. Whereas sympathetic neuroblasts possess small, monitored at regular intervals thereafter. As shown in Figure 2B , anti-HGF antibodies caused a marked dephase-dark, often irregularly shaped cell bodies and short neurites, postmitotic sympathetic neurons have crease in the number of neuroblasts that differentiated into neurons compared with control cultures and cullarger, spherical, phase-bright cell bodies and long neurites ( Figure 2A ). The fate of each cell type was foltures that were supplemented with HGF. This decrease was evident as early as 12 hr after plating and remained lowed over time in cohort experiments. Cells with the neuroblast morphology were often observed to divide, significantly lower at 24 and 48 hr (p values ranging between 0.05 and 0.0005 at each time point, t tests). whereas cells with the neuron morphology were never observed to divide. Because neuroblasts exhibit a vari-
The number of neuroblasts that differentiated into neurons was not significantly increased by HGF compared ety of neuron-like characteristics (Cohen, 1974; Rothman et al., 1978 Rothman et al., , 1980 Anderson and Axel, 1986; with control cultures ( Figure 2B ). Similar effects of anti-HGF on suppressing neuroblast differentiation were oband Thoenen, 1987; DiCicco-Bloom and Black, 1988; DiCicco-Bloom et al., 1990) , it is not possible to use served in cultures set up from E12.5 and E14.5 SCG ( Figure 2C ) and in a limited number of experiments esa neuron-specific marker to distinguish neurons from proliferating neuroblasts in cells of developing sympatablished from E12.5 and E13.5 thoracic paravertebral sympathetic ganglia (TPG) (data not shown). These rethetic ganglia. Over 90% of the cells in our dissociated cultures of early sympathetic ganglia (E12.5 and E13.5) sults suggest that endogenously produced HGF accelerates sympathetic neuroblast differentiation. were neurofilament-positive neuroblasts or neurons. Most of the remaining cells had a fibroblast-like morTo confirm a requirement for HGF/Met signaling in the differentiation of sympathetic neuroblasts, we studied phology.
To investigate if HGF affects the differentiation of symneuroblast differentiation in cohorts established from the SCG of wild-type embryos and embryos that are pathetic neuroblasts, cohorts of neuroblasts were identified in low density dissociated cultures of E12.5, E13.5, homozygous for a signaling mutation in the met gene (met d/d ), in which both phosphotyrosine residues that act as multifunctional docking sites for SH2-containing effectors are mutated (Maina et al., 1996) . For these studies, wild-type and homozygous mutant embryos were littermates derived from crossing heterozygous mice for the mutant met allele (i.e., met d/ϩ ϫ met d/ϩ ). Whereas in cohorts established from the SCG of wildtype mice there were substantially fewer neurons in cultures containing anti-HGF, there were no significant differences in the number of neurons in HGF-supplemented and anti-HGF-supplemented cohorts established from met d/d mutant embryos ( Figure 2D ). In these experiments, all data were collected and analyzed before determining the genotypes of embryos from which affects the proliferation of these cells, BrdU incorporation was studied in vitro and in vivo. For in vitro incorporation, dissociated cultures of HGF/Met Signaling Promotes the Survival of Sympathetic Neuroblasts but Not E12.5, E13.5, and E14.5 SCG cells were grown for 5 hr with BrdU with or without additives after an initial plating
Postmitotic Neurons
To determine if HGF affects the survival of sympathetic period of 3 hr. The cells were then fixed and stained for nuclear incorporation of BrdU. The percentage of cells neuroblasts and neurons, we followed the fates of individual sympathetic neuroblasts and neurons in cohort incorporating BrdU in these cultures fell from just over 30% at E12.5 to just over 10% at E14.5 ( Figure 3A ). This cultures to determine how long they survived under different experimental conditions. In these experiments, accords with the decrease in the number of proliferating sympathetic neuroblasts with age in the SCG. At each cohorts of neuroblasts and neurons were identified 6 hr after plating, and each cell in these cohorts was followed age, there were similar numbers of BrdU-positive cells in control cultures (no added factors) and cultures supat intervals up to 72 hr in culture. Figure 4A plots the number of SCG sympathetic neuroblasts that die prior plemented with anti-HGF or HGF ( Figure 3A ). To test if HGF would cooperate with NGF to induce proliferation to differentiating into neurons. After 12 hr, neither anti-HGF nor HGF affected the number of dying cells in these of sympathetic neuroblasts, cultures were set up containing NGF, NGF plus anti-HGF, and NGF plus HGF.
cohorts. However, by 24 and 48 hr, significantly more neuroblasts had died in cultures containing anti-HGF The number of BrdU-positive cells was very similar at each age to the data shown in Figure 3A (other data not than in control cultures or cultures supplemented with HGF (p values ranging between 0.04 and 0.0001, t tests). shown). These results suggest that HGF does not affect the proliferation of neuroblasts in culture.
There were, however, no significant differences in the number of dying neuroblasts in controls and HGF-supFor in vivo incorporation, BrdU was injected into the peritoneum of pregnant met d/ϩ females that had been plemented cultures at any of these time points (p Ͼ 0.05, t tests). Similar results were obtained in cohort studies mated with met d/ϩ males 12.5 days earlier. Eight hours after injection, the females were killed by cervical disloof early thoracic sympathetic neuroblasts (data not shown). These results suggest that endogenously procation, and separate dissociated cultures of SCG cells were established from each embryo. After 3 hr incubaduced HGF enhances the survival of sympathetic neuroblasts. The finding that anti-HGF did not increase the tion in defined medium without additives (sufficient time for all cells to attach firmly to the substratum), the cells number of dying neuroblasts in cultures established from met d/d embryos (data not shown) indicates that antiwere fixed and stained for nuclear incorporation of BrdU. Figure 3B shows that in cultures established from both HGF does not exert some nonspecific toxic effect on sympathetic neuroblasts. wild-type and met d/d embryos, very similar numbers of cells were BrdU-positive (just over 50% in both cases).
In contrast to sympathetic neuroblasts, HGF does not affect the survival of differentiated sympathetic neurons. These results indicate that Met signaling does not regulate neuroblast proliferation in vivo. Figure 4B shows that there was no significant difference (A) Percentage of SCG sympathetic neuroblasts that die prior to differentiating into neurons. The cohorts of neuroblasts identified at 6 hr after plating were followed in culture at intervals up to 48 hr, without additives (control), with 1.25 mg/ml of anti-HGF, or with 10 ng/ml of HGF. By 24 and 48 hr, there were more neuroblasts dying in cultures containing anti-HGF compared to control cultures or in the presence of HGF.
(B and C) Percentage of postmitotic sympathetic neurons dying at different times in cultures supplemented with NGF (2 ng/ml) plus anti-HGF (1.25 mg/ml), with NGF plus HGF (10 ng/ml) (B), with anti-HGF, or with HGF (C). The cohorts of differentiated neurons identified at 6 hr after plating were followed in culture at intervals up to 72 hr. HGF does not affect the survival of postmitotic neurons. The means and standard errors of serial numbers of surviving neuroblasts or neurons of between 70 and 100 neurons in each experimental group (compiled from three separate experiments) are shown.
in the number of sympathetic neurons that die in cohorts of pyknotic nuclei in the SCG of met d/d embryos compared with wild-type embryos (p Ͻ 0.005, t test, n ϭ 12, grown with NGF plus anti-HGF compared with those grown with NGF plus HGF at all time points from 12-72 Figure 5G ). In addition to recognizing apoptotic cells by histological criteria, apoptotic cells were also labeled in hr in culture (p Ͼ 0.05, t tests). Although sympathetic neurons die more rapidly in the absence of NGF, neither a limited number of embryos by TdT-mediated dUTPbiotin nick end label (TUNEL) staining. The number of anti-HGF nor HGF affected the rate at which they die ( Figure 4C ). These experiments therefore clearly demon-TUNEL-positive cells was also clearly greater in the SCG of met d/d embryos compared with wild-type embryos, strate that HGF alone or in combination with NGF does not affect the survival of sympathetic neurons. both at E13.5 (data not shown) and E14.5 ( Figures 5C  and 5D ). These results suggest that in the absence of Met signaling an increased proportion of neuroblasts Defective Met Signaling In Vivo Increases undergoes apoptosis in the early SCG, and this is reSympathetic Neuroblast Apoptosis flected in a reduction in the total number of cells in this and Reduces SCG Size ganglion. To determine if the in vitro effects of HGF/Met signaling on sympathetic neuroblast survival are physiologically relevant, we carried out a comparative histological study HGF/Met Signaling Enhances the Growth of Sympathetic Neurites of the early SCG of wild-type and met d/d embryos. Embryos were prepared for routine histology, and the total To investigate if HGF affects the growth of neurites emanating from sympathetic neurons, drawings were made number of cells and the number of cells with pyknotic nuclei were counted in serial sections of the SCG. At of neurons grown with NGF alone, NGF plus anti-HGF, and NGF plus HGF. The total length of each neurite arbor E14.5, when the SCG consists mainly of sympathetic neuroblasts, the cross-sectional area of the SCG of was measured at intervals by digitizing the drawings. To avoid any confusion about which neurites emanated met d/d embryos was smaller than that of wild-type embryos ( Figures 5A and 5B) , and there was a statistically from each cell body, the neurons were grown at very low density so that their neurite arbors did not overlap. significant reduction of 40% in cell number (p Ͻ 0.001, t test, n ϭ 11; Figure 5H ). The difference in cross-sectional
To avoid the effects of HGF on neuronal differentiation and survival biasing the data, serial drawings were made area between met d/d and wild-type embryos was even more pronounced at E16 (Figures 5E and 5F ). To exclude of the same neurons between 3 and 72 hr (Davies, 1989) , and only neurons that survived throughout this period the possibility that the reduction in the size of the SCG in met d/d embryos is a nonspecific secondary consewere included in the analysis (Hilton et al., 1997) . After 48 hr in culture, the lengths of the neurite arbors quence of the placental defect in these embryos, we counted the number of neurons in the nodose ganglia of SCG neurons ( Figure 6A ) and TPG neurons ( Figure  6B ) grown with HGF plus NGF were significantly greater (a cranial sensory ganglion that lies next to the SCG) in E14.5 wild-type and met d/d embryos. There was no than those of neurons grown with NGF plus anti-HGF at all ages studied (E12.5, E13.5, E14.5, and E15.5; p Ͻ statistically significant difference in the number of neurons in the nodose ganglia of met d/d and wild-type em-0.0005 in all cases, t tests). The difference in neurite arbor length was most marked in E14.5 TPG neurons bryos (p ϭ 0.4, t test, n ϭ 12; Figure 5I ).
There was a significant (79%) increase in the number whose neurites were on average 2-fold longer in the incubated in the presence of NGF, E14.5 TPG neurons were grown with a constant level of NGF (2 ng/ml) plus HGF over a wide range of concentrations ( Figure 6C ). The neurite arbors of NGF-supplemented neurons were significantly longer in the presence of HGF at concentrations of 80 pg/ml and greater (p Ͻ 0.02, t tests) but not at lower concentrations. To ascertain the concentration range of NGF over which HGF enhances neurite growth, E14.5 TPG neurons were grown with a constant level of HGF (10 ng/ml) plus NGF over a wide range of concentrations ( Figure 6D ). The neurite arbors of HGF-supplemented neurons were significantly longer in the presence of NGF at concentrations ranging from 0.4-10 ng/ ml (p Ͻ 0.005, t tests) but not at concentrations above and below these. Similar results were obtained from cultures of E14.5 SCG neurons (data not shown). These results indicate that NGF and HGF cooperate in regulating neurite growth over a particular combination of concentration ranges. Figure 6E shows the increase in neurite arbor length with time in culture. After 24 hr, there was no significant difference in neurite arbor length between neurons grown with HGF and anti-HGF (p Ͼ 0.05, t test); however, between 24 and 48 hr, the neurite arbor length increased much more rapidly in the presence of HGF, resulting in significantly longer neurites in HGF-supplemented cultures at 48 and 72 hr (p Ͻ 0.0001, t tests). The data shown for E14.5 SCG neurons at different times in culture ( Figure 6E ) are typical for other cultures of sympathetic neurons (data not shown).
To confirm a requirement for Met signaling in mediating the effects of HGF on neurite growth, we studied the neurite arbors of sympathetic neurons of wild-type embryos and met d/d signaling mutant embryos. Whereas the neurite arbors of SCG neurons ( Figure 6F ) and TPG neurons ( Figure 6G ) from wild-type embryos were significantly longer in medium containing NGF plus HGF than in medium containing NGF plus anti-HGF (p Ͻ 0.0001, t tests), there was no significant difference in the length of neurite arbors of SCG and TPG neurons from met sympathetic neurite arbors and show that the anti-HGF does not exert a nonspecific detrimental effect on neurite growth, since it does not decrease neurite length in presence of HGF plus NGF. Although the neurite arbors cultures established from met d/d embryos. of neurons growing with anti-HGF plus NGF were generally shorter than those of neurons growing with NGF alone, these differences were not significant (p Ͼ 0.05, HGF/Met Signaling Increases the Number of Branch Points in Sympathetic Axons t tests) in all cases except for E14.5 and E15.5 SCG neurons (p Ͻ 0.05, t tests).
In addition to enhancing the overall length of the neurite arbor emanating from developing sympathetic neurons, HGF alone had no effect on neurite length. There was no significant difference in the lengths of neurite arbors HGF increased the number of branch points in the neurite arbors of these neurons. After 48 hr in culture, the of neurons grown in control cultures and neurons grown with HGF at concentrations ranging from 3.2 pg/ml to number of branch points in the neurite arbors of TPG neurons ( Figure 7A ) and SCG neurons (data not shown) 50 ng/ml ( Figure 6C ). To ascertain the concentration at which HGF begins to enhance the growth of neurites grown with NGF plus HGF were significantly greater than Figure 7B ) and SCG neurons (data not ages studied (E12.5, E13.5, E14.5, and E15.5; p Ͻ 0.0005 in all cases, t tests). The difference in neurite branching shown) from wild-type embryos were significantly more branched in medium containing NGF plus HGF than in was most marked in E14.5 TPG neurons whose neurites contained over twice as many branch points in the presmedium containing NGF plus anti-HGF (p Ͻ0.0001, t tests), there was no significant difference in the number ence of HGF plus NGF. There was no significant difference in the branching of neurites from neurons grown of branch points in the neurite arbors of SCG and TPG neurons from met d/d embryos grown in medium conwith anti-HGF plus NGF and neurons grown with NGF alone at all ages (p Ͼ 0.05, t tests). There was no signifitaining NGF plus HGF and in medium containing NGF plus anti-HGF (p Ͼ 0.05, t tests). There was also no cant difference in the number of branches in the arbors of neurons grown with HGF and anti-HGF after 24 hr significant difference in the number of branches in the neurite arbors of neurons from met d/d embryos com-(p Ͼ 0.1, t test), and between 24 and 48 hr, the number of branches increased much more rapidly in the prespared to neurons from wild-type embryos grown with NGF plus anti-HGF (p Ͼ 0.05 in all cases, t tests). These ence of HGF, resulting in significantly more branches in HGF-supplemented cultures at 48 hr (p Ͻ 0.01, t test) results suggest that HGF/Met signaling plays a role in enhancing the branching of sympathetic neurite arbors. and 72 hr (p Ͻ 0.0001, t test) (data not shown).
To confirm a requirement for Met signaling in mediatThe increased number of branch points in the neurite arbors of sympathetic neurons may be due to a direct ing the effects of HGF on neurite branching, we studied the neurite arbors of sympathetic neurons of wild-type effect of HGF on branching itself or may be secondary to the overall increase in the size of neurite arbors in embryos and embryos that are homozygous for the Figure 7 . HGF Enhances Neurite Branching and Increases the Number of Neurites Growing from the Cell Body (A) Neurons from TPG were cultured with NGF alone (2 ng/ml), NGF plus anti-HGF (1.25 mg/ ml), or NGF plus HGF (10 ng/ml), identified 6 hr after plating, and serial drawings were made at regular intervals. After 48 hr in culture, the number of branch points in the neurite arbors of TPG neurons that were cultured with NGF plus HGF were significantly greater than those of neurons grown in NGF alone or NGF plus anti-HGF at all ages studied. the presence of HGF (see above). If HGF has a direct neurons in cultures supplemented with NGF plus HGF than in cultures supplemented with NGF alone or with effect on branching, one would expect branch points to occur with increased frequency with distance along NGF plus anti-HGF ( Figure 7C ). The typical appearances of E14.5 SCG neurons grown for 48 hr with NGF plus axons, whereas if the increase in branch points is secondary to an overall increase in the size of neurite arbors, anti-HGF and NGF plus HGF are shown in Figures 7D and 7E. one would expect no difference in the intervals at which branch points occur. To distinguish between these possibilities, we measured the distance between the cell Discussion body and the first branch point in each neurite and the distance between subsequent branch points. These reWe have shown that HGF/Met signaling exerts a variety of specific effects on the development of sympathetic spective distances were not significantly different for neurons growing with NGF plus either HGF or anti-HGF neuroblasts and neurons of the paravertebral sympathetic chain both in vitro and in vivo. Experiments in in cultures of SCG and TPG established at E12.5, E13.5, E14.5, and E15.5 (p Ͼ 0.05 in all cases, t tests). This which the fates of individual cells were carefully followed over time in culture clearly demonstrated that HGF/Met analysis indicates that the greater number of branch points in the arbors of neurons growing with HGF is signaling affects sympathetic neuroblast differentiation and survival (Figure 8 ). Consistent with these data, in secondary to the effect of HGF on enhancing axonal growth.
the early SCG of homozygous met d/d mutant embryos there is an increased proportion of neuroblasts undergoAlthough HGF does not have a direct effect on increasing the frequency with which an axon branches, it ing apoptosis and a progressive reduction in the total number of cells. does increase the number of neurites that emerge from the cell bodies of cultured sympathetic neurons. In culAnti-HGF reduced the number of neuroblasts that differentiated into neurons in culture and increased the tures set up from SCG and TPG, there were more unipolar neurons in cultures supplemented with NGF plus number of neuroblasts that died before differentiating. Both effects of anti-HGF were not observed in neuroanti-HGF than in cultures supplemented with NGF alone or with NGF plus HGF, whereas there were more tripolar blasts obtained from met d/d embryos, indicating that Met BDNF oligonucleotides. These antisense oligonucleotides do not, however, affect the survival of early DRG neurons, suggesting that the BDNF autocrine loop is not required for survival at this stage (Wright et al., 1992) . Similar experiments with antisense BDNF oligonucleotides carried out on adult DRG neurons suggest that a BDNF autocrine loop maintains the survival of a subset of these older neurons (Acheson et al., 1995) . There is some evidence that another neurotrophin, NT-3, may be required for the survival of sensory neuron progenitor cells. It has been reported that the majority of cells undergoing apoptosis in the early DRG of NT-3 -/-embryos (recognized by TUNEL labeling) had also incorporated BrdU administered 5 hr earlier (ElShamy and Ernfors, 1996) . However, in another study, no BrdUpositive/TUNEL-positive cells were observed in the early DRG of NT-3 -/-embryos, although BrdU-positive/neurofilament-positive cells were observed (Farinas et al., 1997) .
Although we have shown that HGF/Met signaling by endogenous HGF affects the survival and differentiation of sympathetic neuroblasts, neither anti-HGF nor HGF affects the proliferation of sympathetic neuroblasts in vitro, and neuroblast proliferation is unchanged in met decreases proliferation (Ernsberger et al., 1989b) .
Previous studies have shown that HGF is effective on signaling is required for these effects and that anti-HGF its own in promoting the survival of cultured motoneudoes not exert a nonspecific detrimental effect on the rons (Ebens et al., 1996; Wong et al., 1997; Yamamoto survival and differentiation of progenitor cells. Because et al., 1997) and that HGF cooperates with NGF, but not HGF and Met are expressed in sympathetic ganglia from with BDNF or NT-3, in enhancing the survival of DRG the earliest stages of their development and Met protein sensory neurons in vitro . In contrast, are expressed by neuroblasts and neurons in early symalthough we have implicated endogenous HGF in enpathetic ganglia, it is likely that neuroblast survival and hancing the survival of sympathetic neuroblasts, the differentiation is enhanced by HGF produced by the survival of differentiated sympathetic neurons is unafcells themselves. Interestingly, added HGF does not fected by anti-HGF and is not enhanced by HGF alone. further enhance neuroblast survival and differentiation in Furthermore, HGF does not enhance the survival of symthese cultures, suggesting that endogenously produced pathetic neurons growing in the presence of NGF. HGF is maximally effective in enhancing neuroblast surWe observed that HGF increased the number of neuvival and differentiation. Endogenously produced HGF rites that grew from the cell bodies and increased the may act by an autocrine or paracrine mode on neurooverall length and number of branch points in the neurite blasts in early sympathetic ganglia. Although we have arbors of sympathetic neurons. Analysis of the intervals not been able to distinguish between these two modes between branch points indicated that the increase in of action in our culture system, the fact that the effects the number of branch points in the presence of HGF of anti-HGF were observed in extremely low density was secondary to the increase in the overall size of the cultures would favor an autocrine mode.
neurite arbors. All of these effects of HGF are dependent An autocrine role for the neurotrophin BDNF in the on Met signaling. In contrast to the lack of effect of early stages of neuronal differentiation has previously added HGF on neuroblast survival and differentiation, been reported in early DRG sensory neurons that exthe largest changes in neurite growth and branching press BDNF mRNA in vivo (Wright et al., 1992) . During were observed in cultures supplemented with HGF (as the earliest stages of their development, these neurons opposed to those treated with anti-HGF). This suggests undergo a clearly recognizable morphological change.
that HGF from sources other than the neurons themInitially, they have small, spindle-shaped, phase-dark selves has the potential to regulate sympathetic axon cell bodies and short neurites and subsequently develop growth and branching in vivo. spherical, phase-bright cell bodies and extend long neu-HGF has recently been shown to enhance neurite outrites. This change, which takes place in single cell culgrowth from DRG neurons cultured in the presence of NGF but not when these neurons are grown with BDNF tures, is accelerated by BDNF and retarded by antisense HGF regulates differentiation and survival of sympathetic neuroblasts and has the potential to enhance axo-
Neuronal Cultures
Cervical SCG and thoracic paravertebral sympathetic ganglia from nal growth of NGF-dependent sympathetic neurons.
E12.5-E17.5 embryos were trypsinized, dissociated, and plated in This suggests that HGF can act in an autocrine and defined, serum-free medium in tissue-culture dishes that had been paracrine manner to regulate sympathetic neuron develcoated with poly-L-ornithine and laminin (Wyatt et al., 1997) . Purified opment during embryogenesis.
recombinant human HGF and NGF (Genentech) were used at concentrations of 10 ng/ml and 2 ng/ml, respectively. Function-blocking Experimental Procedures polyclonal anti-HGF antibodies (RandD System) were used at a dilution of 1.25 mg/ml.
Embryos
To study neuroblast differentiation, the fates of individual immaGeneration and initial phenotypic analysis of met d/d knock-in mutant ture sympathetic neurons (those with a small, phase-dark cell body mice were previously described (Maina et al., 1996 . To investiand short neurites) were followed at intervals in culture to determine gate the significance of Met signaling in the development of sympawhen they assumed a mature appearance (large, phase-bright cell thetic neurons, we compared in vitro development of neurons obbody and long processes). Cells were plated at low density (200-500 tained from wild-type and mutant embryos in which Met was per dish) in 35 mm petri dishes with a 9 ϫ 9 mm grid for serially replaced with loss-of-function versions of the receptor that are imidentifying individual neurons by their location. To study neuronal paired in signal transduction (met d/d ) (Maina et al., 1996) . Embryos survival, the total number of neurons within a 144 mm 2 grid was were obtained from overnight matings of heterozygous mice. Pregcounted at intervals in culture, starting 6 hr after plating. To distinnant females were killed by cervical dislocation at the required stage guish survival effects from changes in proliferation of neuroblasts, of gestation. DNA was extracted from embryonic tissues to deterthe fates of individual neurons were also followed serially in many mine the genotypes of embryos by PCR using primers specific for culture experiments. Only neuroblasts and neurons were counted the wild-type and mutated met alleles.
in these studies (fibroblast-like cells in these cultures were not included in the analysis).
RT-PCR Detection of Met and HGF mRNAs in Developing SCG
To study neurite growth and branching, accurate serial drawings A semiquantitative RT-PCR assay was used to determine the exof the same neurons were made with the aid of a drawing tube from pression pattern of Met and HGF mRNAs in the SCG from E13-E18. which measurements were subsequently made with the aid of a RNA was extracted from three to five ganglia of each age using the computer-linked digitalizing tablet (Davies, 1989) . The neurons were method of Chomczynski and Sacchi (1987) . Following extensive plated at very low density (20-60 per dish) in 35 mm petri dishes DNase treatment, total RNA was further purified using an RNAID kit that had a 9 ϫ 9 mm grid drawn on their under-surface. The position (Bio 101) and recovered in 100 l of water. Quantitative, competitive of neurons in this grid was recorded 6 hr after plating and serial RT-PCR was used to determine the amount of mRNA for the drawings were made at intervals for 48 hr. To exclude any differhousekeeping protein GAPDH in each RNA sample (Wyatt et al., ences in axonal growth rate that could arise as a consequence of 1997), thus allowing total RNA samples from E13-E18 SCG to be differences in neuronal viability, only neurons that survived throughappropriately diluted so that they contained the same concentration out the culture period were included in the analysis. Between 40-150 of GAPDH mRNA. Two microliters of each diluted total RNA sample neurons were drawn and analyzed for each experimental condition. was reverse transcribed in a 40 l reaction using Superscipt reverse transcriptase (Life Technologies) with random hexamers as primers.
In Vitro and In Vivo Bromodeoxyuridine Labeling Separate 5 l aliquots of each RT mix were PCR amplified using
To study neuroblast proliferation in vitro, cells were grown in 11 mm 32 P-end-labeled primers specific for either met or HGF cDNAs in a diameter wells of four-well dishes (Greiner), with or without GFs, in 50 l reaction containing 2 U. of Taq Supreme (MBI-Fermantas).
the presence of BrdU for 5 hr after an initial plating period of 3 hr. The Following electrophoresis on 8% nondenaturing polyacrylamide cells were fixed with formalin and then washed with PBS followed by gels, 32 P-labeled Met (68 bp) and HGF (107 bp) RT-PCR products PBS plus 0.5% Triton X-100 before incubating with 2 M HCl plus were visualized by autoradiography. The optimum number of PCR 0.5% Triton X-100. After washing with PBS and postfixation with cycles required to amplify met and HGF cDNAs was previously formalin, the cells were blocked with PBS plus 0.2% gelatin for determined in pilot PCR amplifications set up to ensure that the 15 min and incubated for 1 hr with anti-bromodeoxyuridine FITC-PCR reaction was in its log phase. The forward primer used to conjugated antibodies (monoclonal 102-693, Boehringer Mannamplify met cDNA was 5Ј-CCAGTCCTATATTGATGTC-3Ј and the heim). The nuclei were counterstained with the nuclear dye DAPI. reverse primer was 5Ј-TTCGAAGGCATGTATGTAC-3Ј. The forward
The proportion of labeled neurons was subsequently assessed by primer used to amplify HGF cDNA was 5Ј-CCATGAACACAGCTAT fluorescence microscopy. Less than 5% of the cells in these cultures CGC-3Ј and the reverse primer was 5Ј-TAGCGTACCTCTGGATTGCwere fibroblasts; labeling of these cells was ignored. 3Ј. Both cDNAs were amplified using the following cycling condiTo study neuroblast proliferation in vivo, pregnant females were tions: 1 min at 95ЊC, followed by 1 min at 50ЊC, followed by 1 min at 68ЊC. met was amplified for 28 cycles and HGF for 26 cycles.
intraperitoneally injected with BrdU (75 mg/g of body weight) on
